Fe oxidation states X-ray absorption near edge structure spectroscopy Microimaging Brain gliomas a b s t r a c t X-ray absorption near-edge structure spectroscopy is used for human neoplastic tissues in order to investigate distributions and chemical states of iron. The specimens used in this study were obtained intraoperatively from brain gliomas of different types and various grades of malignancy and from a control subject. An integrated experimental and analytical approach toward topographic and quantitative analysis in thin freeze-dried cryo-sections is presented. The full XANES spectra at the 
Introduction
The identification of the chemical forms of trace elements in tissue microstructure may help us understand the processes involved in pathological mechanisms such as cancerogenesis. One of the essential mechanisms of oncogenesis seems to be related to iron [1] . The mechanisms involved in iron-induced cancerogenesis encompass the wide field of free radical biology and medicine. As a transition metal it can promote an iron-dependent Fenton reaction which leads to high amounts of reactive oxygen species (ROS) and finally to oxidative stress [2, 3] . This results in lipid peroxidation as well as oxidative DNA and protein damage. Another mechanism by which iron may act as a co-carcinogen is in the promotion of cell proliferation [4] , although the significance of iron in this process is still not clear. Fe(II) is known to promote the creation of free radicals, while Fe(III) is a stable form of iron which does not induce damage in cells. An alteration of Fe(II)/Fe(III) ratio is suspected to play a role in neurodegenerative disorders such as Parkinson's disease [5] . Therefore, a particular chemical form of Fe may be involved in different pathological processes or specific biological functions [6, 7] . For that reason the identification of Fe oxidation states is of great importance. It is essential to have a technique which has the ability to analyze directly the speciation of inorganic elements with highly sensitive detectability and high-resolution imaging.
In this work, X-ray absorption near edge structure spectroscopy (XANES) is applied. The XANES technique, which provides information primarily about coordination geometry and oxidation states, is one of the most widely used techniques for investigating the local structural environment of metal ions [8] . Since intracellular redox states are important parameters in understanding metal carcinogenesis and toxicology, this technique has been an analytical tool in various biological and medical studies [8] [9] [10] [11] . As iron-induced cancerogenesis is very likely, a determination of the chemical states of Fe would be an important element in cancerous processes. The XANES technique was used previously by Kwiatek et al. to determine Fe speciation in the case of prostate cancer [12] . Moreover XANES analysis was applied to determine the oxidation state of Fe in human breast cancer [13] . The high-resolution XANES technique is a powerful tool for the two-dimensional mapping of Fe chemical forms in the case of neoplastic tissues.
In our study an integrated experimental and methodological aspects of two-dimensional micro-imaging of iron oxidation states in tissue sections of brain tumors are presented for the first time. Procedures are shown to identify the oxidation states of iron in tissue structures based on inorganic reference materials containing iron compounds. Special emphasis was placed on developing a method for quantitative analysis of the chemical forms of Fe in inhomogeneous tissue sections. We propose also statistical tests, helped to establish a relationship within the analyzed groups of brain tumors.
Experimental

Sample preparation
The samples selected for the micro-imaging of Fe oxidation states were taken intraoperatively from brain gliomas of different types and various grades of malignancy. The following types of gliomas were analyzed: (in brackets the grade of tumor malignancy according to the latest WHO classification [14] ): glioblastoma multiforme (IV), gemistocytic astrocytoma (II), oligodendroglioma (II), fibrillary astrocytoma (II), anaplastic oligodendroglioma (III) and ganglioglioma (I). The investigation also included brain tissue apparently without malignant infiltration. The control sample was acquired from a case of anaplastic oligodendroglioma which had been removed, and which contained an extremely large area of apparently normal (not infiltrated by a tumor) brain tissue.
For each tumor studied, samples taken for standard histopathological intraoperational examination were cryo-sectioned at 5 m for routine hematoxylin-eosin (HE) staining and at 20 m for XANES analysis. The slices destined for Fe speciation studies were mounted immediately onto ultralene foil of 4 m thickness, suspended on a Plexiglas holder and finally freeze-dried at −80 • C. Additional samples of tissue routinely embedded in paraffin were used for the definite histopathological diagnosis, i.e. tumor type and grade, using HE and other staining methods (if necessary including also immunohistochemistry) accordingly to the specific requirements in every particular case.
The samples were prepared and diagnosed histopathologically at the Department of Neuropathology, Jagiellonian University (JU), Medical College, in Krakow. The study was approved by the Jagiellonian University Bioethical Committee (KBET/101/B/2010).
Prior to Fe XANES measurements, a microscopic examination of all samples was performed to select appropriate regions, i.e. to exclude from the analysis any artifacts, large necrotic areas, larger blood vessels, extensive calcifications, etc. In other words, in every case efforts were made to select for the Fe XANES investigation maximally representative region of tumor or control tissue.
Measurement conditions
The Fe XANES measurements were performed at the bending magnet beamline L at HASYLAB (Hamburger Synchrotrostrahlunglabor, Hamburg, Germany) [15] . Synchrotron radiation from the storage ring was monochromated with a Si(1 1 1) double crystal monochromator. The energy calibration was obtained using the first inflection point of the Fe(0) K edge at 7.112 keV. To reduce the beam size, polycapillary half-lenses for monochromatic applications, which require maximum flux, was used. The beam was focused to a size of 15 m in diameter. The tissue samples were positioned at an angle of 45 • with respect to the incident beam. The data were measured in fluorescence mode for the biological specimens and the reference samples. The measurements were carried out in air. The characteristic X-ray lines were measured by the Vortex SDD detector from SII Nano Technology USA Inc. The full XANES spectra were collected in selected points for samples of brain gliomas as well as for the powder samples of FeSO 4 ·7H 2 O and Fe 2 (SO 4 ) 3 ·nH 2 O that were used as reference materials. The absorption spectra near Fe K-edge were measured within an energy range from 7.05 to 7.50 keV. The energy step increments were equal to: 5, 1, 0.3 and 10 eV for the following energy ranges (respectively): 7.05-7.08 keV, 7.08-7.105 keV, 7.105-7.14 keV and 7.14-7.50 keV. The measurement time was 2 s for each energy point analyzed.
Micro-imaging of Fe oxidation states involved two-dimensional scanning of the tissue samples with the step size equal to 20 m both horizontally and vertically. Based on the Fe XANES profiles for reference materials energy equal to 7.1225 keV was selected for imaging of the reduced form of iron. The lower limit was chosen to be slightly above the Fe 2+ absorption edge, in order to suppress the excitation of Fe 3+ . As shown in Fig. 1 , energy of 7.135 keV was appropriate to excite Fe 3+ , and it was thus set for further analysis of tissue samples. Additionally the total Fe content was determined using an energy of excitation equal to 7.240 keV. The time of acquisition was equal to 10 s per one measurement point for tissue samples. To perform the mapping of the chemical forms of Fe, the position of the samples was changed with respect to the incident beam using a computer-controlled stepper motor which allowed micrometric movements.
XRF calibration standard of 49 g cm −2 mass per unit area of Fe was used for further quantitative analysis of tissue samples. The Fe standard sample was measured for 20 s in each of 9 measurement points.
Results and discussion
Fe K edge XANES analysis in brain gliomas
The full XANES spectra at the Fe absorption K edge were collected at random points of tissue samples in the brain gliomas. The fluorescence intensities of the Fe K␣ lines were normalized (point by point) to the incident photon flux and to the mean number of counts from the energy range 7.25-7.50 keV. The Fe XANES profiles for tissue samples as well as for both reference materials are presented in Fig. 1 . Additionally the edge regions of the spectra are focused on. All Fe XANES spectra for brain gliomas (cases g1-g3) are located between the XANES profiles of the Fe 2+ and Fe 3+ standard samples. This suggests the presence of both chemical forms of Fe in the analyzed points of tissues. Additionally, the energies of the first inflection point of the main edge were found and are presented in Table 1 . For the sample marked as g1 (I WHO), the distances between the calculated first inflection points for the sample and both reference materials were comparable and were equal to 2.4 eV. The features in the case of the two other samples analyzed are quite dissimilar. For sample g2 (IV WHO) the chemical shifts of iron from the absorption edge of Fe 2+ is 4.2 eV and 0.6 eV from the absorption edge of Fe 3+ . The distances between the first inflection point calculated for sample g3 (III WHO) and the reference materials of Fe 2+ and Fe 3+ are 3.9 eV and 0.9 respectively. This result pinpoints that the ferric form of Fe is dominant in the points analyzed for samples g2 and g3. Both of them were of a high grade of malignancy i.e. III and IV.
Imaging of the chemical state of Fe
Because of the inhomogeneous structure of neoplastic tissues the analysis of single points would not be likely to yield reliable results. Therefore, it is essential to examine representative portions of tumors. For this purpose Fe XANES imaging was carried out on tissue areas of several hundred by several hundred m 2 . Chemical state imaging which separates the Fe 2+ and Fe 3+ in iron compounds was performed on brain glioma tissue and the control sample. Evaluation of the X-ray fluorescence spectra excited in individual points of the scanned area was performed using the AXIL-QXAS software package freely distributed by the IAEA [16] . The calculated intensities of Fe K␣ lines were normalized to the value of the incident photon flux and then used to prepare twodimensional maps of the distribution of the chemical forms of Fe. At energies of 7.135 keV both Fe oxidation states (Fe 2+ and Fe 3+ ) were excited. To image Fe 3+ separately, the difference between the normalized Fe intensity obtained at an energy of 7.135 keV and the The energy step applied in the appropriate region of the X-ray absorption near edge structure spectrum.
normalized Fe intensity at an energy of 7.1225 keV was calculated for each measurement point. Before the subtraction an appropriate factor allowing for the X-ray absorption coefficient was applied to the values of the normalized Fe 2+ intensities.
The results of chemical state imaging obtained for the neoplastic tissues (anaplastic oligodendroglioma and gemistocytic astrocytoma) and the control sample are illustrated in Fig. 2 . To emphasize the morphological differences in the brain tumor cases analyzed optical microscopic photographs of hematoxylin-eosin stained neoplastic tissues are included. As one can see the maps of the distribution of chemical forms of Fe corresponding to the control section and the anaplastic oligodendroglioma (cf. Fig. 2a and b) show relatively large areas of high Fe content in comparison with the surrounding tissue. It is worth pointing out that these Fe-rich structures were detected in spite of the morphological homogeneity of the tissue seen under the light microscope. This suggests that they are not related to any morphological tissue structure. In contrast with cases above, the distribution of both forms of Fe is quite homogeneous in the gemistocytic astrocytoma section (cf. Fig. 2c ). Topographic analysis of Fe speciation in the tissues investigated with the XANES technique indicated the presence of microstructures where Fe 2+ is dominant as well ones with a high abundance of an oxidized form of Fe. However, the spatial co-location of Fe 2+ and Fe 3+ was observed for the cases analyzed. This reflects the presence of tissue structures with a higher content of both ferrous and ferric Fe relative to the surrounding areas. As one can see experimental setup and measurement conditions such as those presented in this work can be used for the direct speciation of Fe in thin tissue samples. An analogous analysis but at sub-cellular level could be performed, although it would require an incident beam of either higher intensity or higher spatial resolution. Since for the biochemical aspects of pathological tissue these may be useful information not only in pathologically changed cells but also in the extracellular matrix or accompanying structures, the analysis of relatively larger tissue areas is more suitable. Moreover, it should be emphasized that the precise location of a single cell with the use of an unstained tissue section in the experiment, is extremely difficult in practice. Therefore, the XANES mapping of larger specimen areas can provide more representative information, which seems reasonable. Therefore, the experimental details described here can be useful for potential research on Fe speciation at tissular level.
Quantitative and statistical evaluation
Based on the results of the chemical state imaging of Fe, a comparison of both forms of this element in various types of glioma tissues and the control sample was carried out. For this purpose the mean values of normalized Fe intensities from 125 representative points were calculated for each sample. The results are summarized in Fig. 3 . The quantitative analysis showed that for all samples analyzed in the experiment the content of the oxidized form of Fe is higher in comparison to that of Fe 2+ . It should be emphasized that the highest level of Fe 3+ was found in the control sample, while the lowest was that of the glioma of the highest grade of malignancy, i.e. for glioblastoma multiforme (classified as IV grade by WHO). Moreover, significantly higher contents of Fe 3+ are seen in the control sample and in gliomas of low grade malignancy (ganglioglioma -I WHO, oligodendroglioma -II WHO) as compared to high-grade gliomas (glioblastoma multiforme -IV WHO, anaplastic oligodendroglioma -III WHO). There is the same tendency in ferrous Fe.
As one can see in Fig. 3 the highest level of both forms of Fe was found in the control sample. At first glance this finding seems to be inconsistent with the current knowledge of tumor vascularization. The close relationship between tumor increase and angiogenesis is well known [17] [18] [19] [20] . Cancer cells require blood vessels as a nutrient for growth. On the other hand cancer cells trigger the growth of the new blood vessels (neovascularization) needed to supply nutrients and remove waste products. It is hypothesized that if neovascularization is initiated, new capillaries converge on the tumor site and are coated with new layers of quickly dividing tumor cells. These processes are the most likely source of the observed high level of Fe in neoplastic tissues. However, in this case the main source of iron is blood vessels, not an ensemble of cancer cells. Consequently, if analytical techniques of relatively low spatial resolution are applied iron is determined not only in "pure" tissue (ensemble of cells) but also in blood vessels and other structures typical of neoplastic tissues like large necrotic areas, extensive calcifications, etc. In contrast to bulk analysis techniques high spatial resolution was applied in our research. Moreover as mentioned above, before the Fe XANES analysis all samples were examined microscopically to select appropriate and maximally representative regions. Since the analysis of the chemical forms of Fe was performed exactly in portions of neoplastic or normal tissues (excluding blood vessels, calcification, gliosis, necrotic areas, any artifacts, etc.) the observed finding reflects only Fe-dependent processes that occur in ensembles of cancerous or healthy cells.
To verify the statistical significance of the differences in Fe 2+ and Fe 3+ content between the cases analyzed the Kruskal-Wallis test was used [21] . The results obtained for ferrous and ferric Fe are summarized in Table 2 . The cases for which no significant differences are found (p value >0.05) are in bold. Based on the Kruskal-Wallis test, no significant differences in Fe 2+ content were The proportions of ferrous and ferric iron in the total content of Fe in neoplastic tissues and the control were also compared. The results are graphically presented in Fig. 4 . A significantly higher Fe 2+ /total Fe ratio was found for oligodendroglioma (II WHO) in comparison to all other cases. The lowest ferrous/total Fe ratio was determined in case of gemistocytic astrocytoma (II WHO). The Kruskal-Wallis test indicated statistically significant differences of this case in comparison with other samples excluding anaplastic oligodendroglioma (III WHO). The control case differed significantly from oligodendroglioma, anaplastic oligodendroglioma and gemistocytic astrocytoma. Differences were also observed between glioblastoma multiforme, gemistocytic astrocytoma and oligodendroglioma. The highest Fe 3+ /total Fe ratio was found for gemistocytic astrocytoma (II WHO), and the lowest one for oligodendroglioma (II WHO).
It is worth pointing out the significant differences either in Fe 2+ or Fe 3+ content between oligodendroglioma and anaplastic oligodendroglioma. For the neoplastic tissue which revealed histopathologically the presence of anaplastic features the levels of both Fe 2+ and Fe 3+ were significantly lower than in typical oligodendroglioma. However, the ferric Fe ratio to total Fe in the case of anaplastic oligodendroglioma was higher than for oligodendroglioma. These data were collected on a limited number of samples. Therefore, to a large extent, they may reflect the influence of e.g. environment, diet, medication, individual characteristics. Such factors might cloud any comparison between cases representing various types of brain gliomas. Analyzing the relationship between neoplastic and healthy tissue taken from the same patient seems more plausible. Therefore, a comparative analysis was also performed between anaplastic oligodendroglioma and tissue without malignant infiltration removed together with the tumor. We found a significantly higher level of both chemical forms of Fe in the control sample. However, ratio of the ferrous form to total Fe was considerably higher in the healthy area than in the neoplastic tissue. It is known that "catalytic" iron (Fe 2+ ) is quite cytotoxic as well as mutagenic and cancerogenic due to the Fenton reaction [22] . That is why our finding seems to be inconsistent with the cited hypothesis. But the results also showed a higher level of ferric Fe in the cancerous tissue as compared to the control. This is in agreement with another important concept that of free radical induced biological damage. Fe 3+ ions that are bound to biological molecules such as DNA and proteins can undergo cyclic reduction and reoxidation. This explains the funneling of free radical damage to specific sites and the possible complex effect on the molecule [23, 24] . The presence of an oxidized form of Fe in cancerous prostate tissues was previously reported by Kwiatek et al. [12] .
Although Fe speciation studies of tissue samples using the XANES technique have been reported in the literature [5, 9, 25] , most of them were limited to imaging aspects or semi-quantitative evaluation. In this work we propose a method for a fully quantitative analysis allowing the determination of the masses per unit area of each chemical form of iron in tissue slices. Since the dried tissue sections used in our study can be considered as a thin sample, the external standard method for quantitative analysis was used. For this purpose the sensitivity for Fe (S Fe ) was calculated using the following expression:
where Y s is the net peak area of Fe for the standard sample, F s the incident photon flux for the measurement of the reference material and M s is the mass per unit area of Fe in the standard sample. Based on the spectral data from each point of the scanned areas of samples, measured at an energy of 7.240 keV, the masses per unit area of total Fe were determined according to the following formula:
where Y t is the net peak area of Fe for the tissue sample, F t the incident photon flux for the measurement of tissue sample and S Fe is the sensitivity for Fe at an energy of 7.240 keV.
To determine the masses per unit area of Fe 2+ and Fe 3+ , appropriate sensitivity factors (S 7.122 and S 7.135 ) were calculated based on the Fe XANES spectra of the reference materials using the following formula:
where a is the normalized fluorescence intensity of Fe 2+ at an energy of 7.1225 keV, b the normalized fluorescence intensity of Fe 3+ at an energy of 7.135 keV, c the normalized fluorescence intensity of Fe 2+ at an energy of 7.240 keV and d is the normalized fluorescence intensity of Fe 3+ at an energy of 7.240 keV.
The coefficients a, b, c and d are marked in Fig. 1 . The masses per unit area of Fe 2+ and Fe 3+ were evaluated according to formula (2) replacing sensitivity factor S Fe with S 7.122 and S 7.135 respectively.
The results of the quantitative analysis of neoplastic and control samples are summarized in Table 3 . The mean values of the masses per unit area of Fe 2+ and Fe 3+ were calculated from 125 measurement points for each sample. The uncertainty (SD -standard deviation of the mean value) was presented at a 95% confidence level. The mean masses per unit area of Fe 2+ ranged from about 0.006 to 0.07 g cm −2 , while the level of Fe 3+ was between 0.017 and 0.15 g cm −2 in the case of brain gliomas. The mean masses per unit area of Fe 2+ and Fe 3+ for the control sample were 0.076 g cm −2 and 0.22 g cm −2 respectively.
One of the common problems of fluorescence-mode measurements with the XANES technique that should be discussed here is the effect termed "self-absorption". In this process, the X-ray fluorescence intensity of the measured element is attenuated by absorber atoms in the sample [26] . Therefore a damping of the XANES oscillations can be observed due to this self-absorption effect [27] . The main sources of self-absorption are inhomogeneity of sample thickness, particle size or element concentration. A lot of self-absorption correction procedures have been described elsewhere [28] [29] [30] . However, most of them rely on a precise knowledge of some parameters like the density of all atoms in the path of X-rays. Therefore it is preferable to avoid or minimize self absorption effects rather than apply mathematical correction of the data [26] . In our study, to assess the intensity loss of the generated Fe K␣ line due to the self-absorption effect in the brain tissue matrix, several sample thicknesses were considered. We assumed that the composition of matrix elements in neoplastic tissue is comparable to brain tissue. The most abundant elements, i.e. O, C, H and N, were assumed as matrix components [31] . Sample mass density was assumed to be equal to 1.03 g cm −3 [31] . A fraction of photons associated with the Fe K␣ line which is absorbed before reaching the X-ray detector was considered a measure of absorption. The calculations were performed using the following formula [32] :
where A is the absorption [%], the mass attenuation coefficient at the Fe K␣ line in the brain tissue matrix [cm 2 g −1 ], the mass density of the sample [g cm −3 ], d the thickness of the sample [cm] and ϕ is the angle of the detector with respect to the sample normal (here equal to 45 • ). The mass attenuation coefficient ( ) of the Fe K␣ line in the brain tissue matrix was determined by equation (6) [32] . Weight fractions of elements considered were taken from [31] . Table 4 . The sample thickness applied in our experiment is significantly smaller than 20 m due to a drying process. Therefore, the absorption of the Fe K␣ line is less than 4% (cf. Table 4 ). Moreover, since the specimens were freezedried before measurements, and then freed of the most attenuating element, i.e. O, the absorption of the Fe K␣ line is still less. Hence, ignoring the absorption of the Fe-K␣ line does not significantly affect the interpretation of experimental results presented in this work.
Conclusions
The results obtained in the present work show a major advance in ex vivo studies of the chemical forms of iron in normal and neoplastic tissue sections. The determination of iron oxidation states was performed in thin cryo-sectioned tissues. This protocol of sample preparation facilitated a precise analysis exactly in the area of homogeneous neoplastic (or control) tissue. Moreover in the procedure applied in our studies, various preparation steps that might modify the chemical species were avoided. According to data presented by Bacquart et al. [5] the freeze-drying protocol does not modify the chemical state of Fe in biological samples. The application of synchrotron radiation allowed an explicit identification of iron oxidation states, the determination of low amounts of Fe due to the excellent detectability of this element, and finally allowed relatively high-resolution imaging which is essential for tissue structure analysis. We have shown that the experimental setup and measurement conditions presented in this work can be used for the direct determination of Fe speciation in thin tissue samples. Therefore, the experimental details described here can be useful for potential research on Fe speciation at tissular level. Aside from two-dimensional imaging speciation analysis requires the quantification of the chemical form of measured elements. We have proposed the external standard method as a useful way to determine the masses per unit area of an element in a given oxidation state. The proposed procedure is based on sensitivity factors determined for Fe at appropriate energies of the incident beam as well as on the X-ray absorption coefficients, determined using Fe XANES profiles. The steps of the suggested fully quantitative analysis were presented in detail, so as to be of use to potential researchers. The comparison of cases representing various brain tumor types and normal tissue supported by statistical tests, helped to establish a preliminary relationship within the analyzed groups. We are aware that the interpretation of the Fe chemical state imaging within brain tumor tissue in the context of pathogenesis requires further investigation using larger numbers of samples.
The XANES technique has considerable potential for the characterization, imaging and quantification of the chemical forms of iron in tissue sections, and therefore may give new insight into the mechanism of brain cancer development. 
